Introduction {#s1}
============

Lung cancer is responsible for more cancer deaths in the United States than the combined mortality of colorectal, breast and prostate cancer [@pone.0060065-Jemal1]. Even with the newer advanced therapeutic approaches, the 5-year overall survival rate is less than 16% and has not changed appreciably over many decades [@pone.0060065-Jemal1], [@pone.0060065-Minna1]. This poor prognosis emphasizes the urgent need for the development of novel strategies for the prevention and more effective treatment of this deadly disease. Natural products (NPs) are widely used by Americans as complementary and alternative medications (CAM) for the prevention and treatment of various human diseases including cancers [@pone.0060065-Gullett1], [@pone.0060065-Rajamanickam1]. The use of NPs as antitumor agents for the management of human cancers is an attractive idea because they are readily available and exhibit little or no toxicity [@pone.0060065-Gullett1], [@pone.0060065-Cottart1]--[@pone.0060065-Patel2]. Resveratrol (RV) is one of such NPs and has been shown to exhibit both anticancer and chemopreventive potentials [@pone.0060065-Gullett1], [@pone.0060065-Gupta1]--[@pone.0060065-Bhardwaj1]. However, the exact molecular mechanisms underlying RV\'s chemopreventive and anticancer effects are not completely understood. The goal of this study was to define the role of premature senescence in RV-induced antitumor effects in lung cancer cells.

Cellular senescence is a state of permanent cell cycle arrest that can be triggered by a variety of stresses including DNA damage, telomere shortening and oxidative stress [@pone.0060065-Gewirtz1]--[@pone.0060065-tePoele1]. The two major categories of cellular senescence are replicative senescence and stress-induced premature senescence (SIPS). Replicative senescence was first described by Hayflick and Moorhead in human fibroblasts after cells underwent extensive replication as a consequence of serial culture passages [@pone.0060065-Hayflick1]. Subsequently, it was found that cells also can undergo SIPS in response to DNA-damaging agents such as ionizing radiation and anticancer chemotherapeutics [@pone.0060065-Gewirtz1]--[@pone.0060065-tePoele1], [@pone.0060065-Jones1]. Cells undergoing SIPS are morphologically indistinguishable from replicatively senescent cells and exhibit many of the characteristics ascribed to replicative senescence, such as increased senescence associated β-galactosidase (SA-β-gal) activity and increased p53 and p21 expression [@pone.0060065-Gewirtz1]--[@pone.0060065-tePoele1], [@pone.0060065-Jones1]--[@pone.0060065-Chang1]. Although telomere shortening was thought to be the major cause for replicative senescence, premature senescence can occur in a telomerase- and telomere shortening-independent mechanism [@pone.0060065-Chen1], [@pone.0060065-Chen2]. Senescence limits the life span and proliferative capacity of cells, therefore the induction of senescence is regarded as an important mechanism of cancer prevention [@pone.0060065-Braig1]--[@pone.0060065-Bennecke1]. More importantly, emerging evidence has demonstrated that therapy-induced senescence is a critical mechanism through which many anticancer agents inhibit the growth of tumor cells [@pone.0060065-Gewirtz1], [@pone.0060065-Ewald1], [@pone.0060065-Schmitt1]. Interestingly, it has been shown that therapy-induced senescence can be achieved at much lower doses of chemotherapy than those required to induce apoptosis, indicating that high doses of anticancer agent may cause apoptosis whereas low level treatments primarily induce senescence in cancer cells [@pone.0060065-Ewald1]. Compared to the traditional apoptosis inducing strategies, this low dose approach can significantly reduce the side effects of anticancer therapy and thus improve the quality of life for cancer patients. Therefore, it is important to understand whether low dose RV can suppress lung cancer cell growth via the induction of premature senescence.

RV is a nontoxic natural polyphenolic compound found in abundance in grapes, red wines, mulberries and other edible plants. Recent clinical trials have indicated that RV is well tolerated and relatively safe for use in humans [@pone.0060065-Cottart1]--[@pone.0060065-Patel2]. RV has been shown to inhibit the proliferation of a variety of cancer cells via inactivation of various cell survival pathways including the PI3-kinase/AKT pathway [@pone.0060065-Hussain1]. RV also has been shown to exhibit potential chemopreventive activity in several carcinogen-induced tumor models including breast, intestine, liver, esophagus and colon [@pone.0060065-Gullett1], [@pone.0060065-Bhat1], [@pone.0060065-Sale1]. Moreover, it has been reported that RV treatment inhibits pancreatic cancer growth and enhances the anticancer effects of gemcitabine possibly via suppression of NF-КB activation and down-regulating the expression of cyclin D1, COX-2, ICAM-1, MMP-9 and survivin in tumor tissues [@pone.0060065-Harikumar1]. Although previous studies have indicated that RV, at high doses, can inhibit the proliferation of cancer cells by inducing apoptosis [@pone.0060065-Whitlock1]--[@pone.0060065-Jiang1], a major challenge for the use of this CAM is that the concentration of RV required to induce apoptosis in tumor cells *in vitro* is too great to achieve *in vivo* in a clinical setting [@pone.0060065-Cottart1]--[@pone.0060065-Patel2], [@pone.0060065-Scott1]. Given that induction of senescence requires a much lower concentration of anticancer agents and thus produces fewer unwanted side effects [@pone.0060065-Ewald1], we sought to investigate if low dose RV treatment could inhibit the growth of cancer cells through the induction of premature senescence. In the present study, we show that low dose RV treatment leads to a significant increase in senescence-associated β--galactosidase (SA-β-gal) staining and elevated p53 and p21 expression in NSCLC cells, suggesting that the anticancer effect of RV is largely attributable to the induction of senescence in lung cancer cells. Mechanistic studies reveal that RV-induced senescence is associated with increased DNA DSBs and ROS production in lung cancer cells. Moreover, our data also show that inhibition of ROS production by NAC attenuates RV-induced DNA DSBs and premature senescence. Altogether, these findings demonstrate that low dose RV treatment causes premature senescence in lung cancer cells via ROS-mediated DNA damage, which highlight a significant contribution of senescence induction to RV\'s anticancer effects.

Results {#s2}
=======

RV inhibits the growth of lung cancer cells in a dose-dependent manner {#s2a}
----------------------------------------------------------------------

Previous studies have indicated that higher doses of RV treatment may inhibit the proliferation of tumor cells by inducing apoptosis [@pone.0060065-Whitlock1]--[@pone.0060065-Jiang1], but a major challenge for this apoptosis-causing strategy is that the concentration required to induce apoptosis in tumor cells *in vitro* is not reachable *in vivo* [@pone.0060065-Cottart1]--[@pone.0060065-Patel2], [@pone.0060065-Scott1]. Therefore, it is important to determine if low dose RV treatment affects the growth of tumor cells. To this end, we treated A549 and H460 lung cancer cells with different low doses of RV (0--50 µM) to examine if RV treatment has any impact on the colony formation of NSCLC cells. Clonogenic survival assays demonstrated that even as low as 10 µM of RV treatment can significantly suppress the colony-forming activity of A549 and H460 cells ([**Figs. 1A, 1B and 1C**](#pone-0060065-g001){ref-type="fig"}). The data also show that RV-induced suppression of colony formation correlates well with the concentrations of RV, suggesting that RV treatment inhibits the clonogenic growth of NSCLC cells in a dose-dependent manner.

![RV inhibits the growth of NSCLC cells in a dose-dependent manner.\
(**A**) Clonogenic survival assays show that the number of cancer cell-derived colonies decreases with RV dose. (**B**) The results of clonogenic assays were normalized to the clonogenic survival of control A549 cells and are expressed as % of control. (**C**) The results of clonogenic assays were normalized to the clonogenic survival of control H460 cells and are expressed as % of control. \*\*, *p*\<0.01 vs. control.](pone.0060065.g001){#pone-0060065-g001}

Low dose RV inhibits lung cancer cell growth via an apoptosis-independent mechanism {#s2b}
-----------------------------------------------------------------------------------

Although it has been shown that higher doses (100--200 µM) of RV treatment may induce apoptosis in tumor cells [@pone.0060065-Whitlock1]--[@pone.0060065-Jiang1], it was unknown if low dose RV suppresses the growth of lung cancer cells through the induction of apoptosis. Because activated caspase-3 and cleaved PARP are well-documented measurements of apoptosis [@pone.0060065-Lazebnik1], [@pone.0060065-Nicholson1], we investigated if low dose RV treatment has any impact on the expression of activated caspase-3 and cleaved PARP in A549 and H460 cells. As shown in [**Figure 2**](#pone-0060065-g002){ref-type="fig"}, Western blotting data revealed that low dose RV treatment did not cause any significant changes in the expression of cleaved PARP and activated caspase-3 in either A549 or H460 cells. In contrast, camptothecin (CPT) treatment resulted in a pronounced increase in cleaved PARP and activated caspase-3 expression in both A549 and H460 cells ([**Figs. 2A and 2B**](#pone-0060065-g002){ref-type="fig"}). These results strongly suggest that low dose RV inhibits lung cancer cell growth via an apoptosis-independent mechanism.

![Low dose RV suppresses lung cancer cell growth via an apoptosis-independent mechanism.\
(**A**) Western blot assays were performed to determine the expression of activated caspase-3 and cleaved PARP in A549 cells. Actin was used as a loading control. (**B**) Western blot assays were performed to determine the expression of activated caspase-3 and cleaved PARP in H460 cells. Actin was used as a loading control.](pone.0060065.g002){#pone-0060065-g002}

RV induces premature senescence in lung cancer cells {#s2c}
----------------------------------------------------

It has been proposed that the induction of premature senescence is an important mechanism by which ionizing radiation and many chemotherapeutic agents exert their anticancer effects [@pone.0060065-Gewirtz1]--[@pone.0060065-tePoele1], [@pone.0060065-Jones1], [@pone.0060065-Chang1], [@pone.0060065-Schmitt1]. Thus, we sought to examine if low dose RV treatment induces premature senescence in NSCLC cells. Because increased SA-β-gal activity is a well-established biomarker of senescence [@pone.0060065-Dimri1], we investigated if low dose RV treatment induces premature senescence in A549 and H460 cells by SA-β-gal staining. As shown in [**Figure 3A**](#pone-0060065-g003){ref-type="fig"}, the results indicate that the number of SA-β-gal positive senescent cells is markedly increased in RV-treated versus control A549 and H460 cells. Moreover, the percentage of SA-β-gal positive cells increases with the dose of RV, suggesting that RV treatment induces premature senescence in lung cancer cells in a dose-dependent manner ([**Figs. 3B and 3C**](#pone-0060065-g003){ref-type="fig"}).

![RV induces premature senescence in NSCLC cells.\
(**A**) SA-β-gal staining increased with RV doses in both A549 cells (upper panel) and H460 cells (lower panel). (**B**) The percentage of SA-β-gal positive senescent cells in RV-treated and control A549 cells is presented as mean ± SEM. (**C**) The percentage of SA-β-gal positive senescent cells in RV-treated and control H460 cells is presented as mean ± SEM. (**D**) Western blot assays were performed to determine the expression of p53, p21 and EF1A in A549 cells. Actin was used as a loading control. (**E**) Western blot assays were performed to determine the expression of p53, p21 and EF1A in H460 cells. Actin was used as a loading control. \*, *p*\<0.05 vs. control; \*\*, *p*\<0.001 vs. control.](pone.0060065.g003){#pone-0060065-g003}

We also examined the expression levels of p53 and p21, two important molecules involved in the regulation of senescence [@pone.0060065-Ewald1], [@pone.0060065-Jones1], [@pone.0060065-Chang1], [@pone.0060065-BenPorath1], in RV-treated NSCLC cells. Western blotting data demonstrated that the expression levels of p53 and p21 were significantly increased in RV-treated cells, compared with control A549 and H460 cells ([**Figs. 3D and 3E**](#pone-0060065-g003){ref-type="fig"}). These results suggest that the p53--p21 pathway is involved in RV-induced premature senescence in lung cancer cells. Interestingly, our data also show that RV treatment significantly down-regulates the expression of EF1A in A549 and H460 cells ([**Figs. 3D and 3E**](#pone-0060065-g003){ref-type="fig"}), suggesting that EF1A may play an important role in regulating RV-induced premature senescence in NSCLC cells.

RV treatment causes DNA damage and increases ROS production in lung cancer cells {#s2d}
--------------------------------------------------------------------------------

Many chemotherapeutic agents and radiation kill tumor cells through the induction of DNA damage. Phosphorylated H2AX (γH2AX) is a robust marker of DNA DSBs [@pone.0060065-Rothkamm1]. To determine if DNA damage contributes to RV-induced anticancer effects, we performed γH2AX foci assays to examine if RV treatment causes DNA DSBs in lung cancer cells. As shown in [**Figure 4**](#pone-0060065-g004){ref-type="fig"}, our data demonstrate that RV treatment results in a significant increase in the formation of γH2AX foci in both A549 and H460 cells ([**Figs. 4A, 4B and 4C**](#pone-0060065-g004){ref-type="fig"}). As the formation of γH2AX foci is an important surrogate of DNA DSBs [@pone.0060065-Rothkamm1], these results demonstrate for the first time that the anticancer effect of RV is attributable at least in part to RV-induced DNA damage in NSCLC cells.

![RV treatment leads to DNA damage and increases ROS production in NSCLC cells.\
(**A**) DNA DSBs were determined by γH2AX immunofluorescent microscopy as previously described (16). Representative immunofluorescent images of γH2AX foci in RV-treated A549 and H460 cells are presented. (**B**) The percentage of γH2AX foci positive cells in RV-treated A549 cells is presented as mean ± SEM. (**C**) The percentage of γH2AX foci positive cells in RV-treated H460 cells is presented as mean ± SEM. (**D**) The levels of ROS were measured by DCF-DA staining and flow cytometric analyses at 24 h after RV treatment. The levels of ROS in RV-treated A549 cells are presented as fold change compared to the levels in control cells. (**E**) The levels of ROS in RV-treated H460 cells are presented as fold change compared to the levels in control cells. \*, *p*\<0.05 vs. control; \*\*, *p*\<0.01 vs. control.](pone.0060065.g004){#pone-0060065-g004}

We and others have demonstrated that ROS play a critical role in mediating genotoxic stress-induced DNA damage [@pone.0060065-Wang1], [@pone.0060065-Huang1]. Therefore, we hypothesized that RV may cause DNA DSBs via increased ROS production in NSCLC cells. To test this hypothesis, we investigated if RV treatment has any impact on ROS production in lung cancer cells. DCF-DA staining and flow cytometric assays showed that the levels of ROS were markedly increased in RV-treated A549 and H460 cells compared with that of control cells ([**Figs. 4D and 4E**](#pone-0060065-g004){ref-type="fig"}). These results suggest that RV may induce lung cancer cell premature senescence via ROS-mediated DNA damage.

NAC attenuates RV-induced DNA damage and premature senescence in lung cancer cells {#s2e}
----------------------------------------------------------------------------------

Although our data have shown that RV-induced DNA damage is associated with increased ROS production in NSCLC cells ([**Fig. 4**](#pone-0060065-g004){ref-type="fig"}), it has yet to be determined if inhibition of ROS production using antioxidants can prevent RV-induced DNA damage and premature senescence. To this end, we pre-incubated cells with NAC prior to RV treatment to determine if NAC can attenuate RV-induced DNA DSBs and premature senescence in lung cancer cells. As shown in [**Figure 5A**](#pone-0060065-g005){ref-type="fig"}, our data demonstrate that pretreatment with NAC significantly inhibits the formation of RV-induced γH2AX foci in A549 and H460 cells. Furthermore, SA-β-gal staining results show that the percentage of RV-induced premature senescent cells is substantially reduced in NAC-treated cells ([**Figs. 5D and 5E**](#pone-0060065-g005){ref-type="fig"}). Taken together, these findings strongly support the hypothesis that RV induces lung cancer cell premature senescence via ROS-mediated DNA damage.

![Inhibition of ROS by NAC attenuates RV-induced DNA damage and premature senescence in lung cancer cells.\
(**A**) DNA DSBs were determined by γH2AX immunofluorescent microscopy as previously described (16). Representative immunofluorescent images of γH2AX foci in A549 and H460 cells are presented. (**B**) Inhibition of ROS by NAC (5 mM) diminishes RV (30 µM)-induced γH2AX foci in A549 cells. (**C**) Inhibition of ROS by NAC (5 mM) diminishes RV (30 µM)-induced γH2AX foci in H460 cells. (**D**) Inhibition of ROS by NAC attenuates RV-induced premature senescence in A549 cells. (**E**) Inhibition of ROS by NAC attenuates RV-induced premature senescence in H460 cells. \*\*, *p*\<0.001 vs. control. ^\#^, *p*\<0.01 vs. RV.](pone.0060065.g005){#pone-0060065-g005}

RV induces Nox5 expression in lung cancer cells {#s2f}
-----------------------------------------------

Next, we sought to determine the mechanisms by which RV induces ROS generation in cancer cells. It was reported that increased intracellular cyclic AMP (cAMP) may contribute to mitochondrial ROS accumulation [@pone.0060065-Zhang1]. Interestingly, a recent study by Park et al. has shown that RV treatment increases the levels of cAMP in mouse C2C12 cells [@pone.0060065-Park1]. To determine if RV alters cAMP levels and in turn induces ROS generation in lung cancer cells, we detected cAMP levels in A549 and H460 cells after different does of RV treatment. The EIA results show that RV treatment has no significant effect on cAMP levels in A549 cells (**[Figure S1A](#pone.0060065.s001){ref-type="supplementary-material"}**). More interestingly, the data demonstrate that RV inhibits the levels of cAMP in H460 cells (**[Figure S1B](#pone.0060065.s001){ref-type="supplementary-material"}**). These results suggest that cAMP may not be a key player in mediating RV-induced ROS generation in lung cancer cells.

The NADPH oxidases (Noxs) are a family of transmembrane enzymes that generate superoxide and other ROS [@pone.0060065-Bedard1]. To better understand how RV induces ROS generation in cancer cells, we investigated if RV treatment has any impact on the expression of Nox1, Nox2, Nox3, Nox4 and Nox5 in NSCLC cells. Real-time RT-PCR results indicate that Nox1, 2 and 5 are abundantly expressed in both A549 and H460 cells, whereas Nox 3 and 4 are barely detectable in lung cancer cells (**[Figure S2](#pone.0060065.s002){ref-type="supplementary-material"}**). Surprisingly, our data reveal that RV treatment selectively increases Nox5 expression in both A549 and H460 cells ([**Figs. 6A and 6C**](#pone-0060065-g006){ref-type="fig"} **)**, suggesting that RV-induced ROS generation in cancer cells is likely attributable to increased Nox5 expression. Given the important roles of antioxidant enzymes such as mitochondrial superoxide dismutase (SOD) and thioredoxin (TXN) in modulating intracellular ROS balance [@pone.0060065-Kim1], we decided to determine if RV treatment affects the expression of SOD and TXN in lung cancer cells. The real-time PCR data demonstrate that RV treatment only causes a modest increase (less than 2-fold) in SOD2 expression in A549 cells, but has no effect on the expression of SOD1, SOD2 and TXN mRNAs in H460 cells ([**Figs. 6B and 6D**](#pone-0060065-g006){ref-type="fig"}). Together, these data suggest that RV may induce ROS generation in cancer cells through up-regulating Nox5 expression.

![RV induces Nox5 mRNA expression in LSCLC cells.\
(**A**) Cells were treated with 50 µM of RV or DMSO as vehicle control. Twenty-four hours after RV treatment, the expression levels of Nox1, Nox2, and Nox5 mRNAs were determined using real-time RT-PCR. (**B**) The expression levels of SOD1, SOD2 and TXN in A549 cells were determined by real-time RT-PCR. (**C**) The expression levels of Nox1, Nox2, and Nox5 in H460 cells are presented as fold change (mean ± SEM). (**D**) The expression levels of SOD1, SOD2 and TXN in H460 cells are presented. \*\*, *p*\<0.001 vs. control.](pone.0060065.g006){#pone-0060065-g006}

Discussion {#s3}
==========

Cellular senescence is a state of permanent cell cycle arrest that can be triggered by a variety of stresses including DNA damage, telomere shortening and oxidative stress. Senescence limits the life span and proliferative capacity of cells, therefore the induction of senescence is regarded as an important mechanism of cancer prevention [@pone.0060065-Braig1]--[@pone.0060065-Bennecke1]. More importantly, growing evidence has demonstrated that therapy-induced senescence is a critical mechanism of action for many chemotherapeutic agents and radiation treatment [@pone.0060065-Gewirtz1], [@pone.0060065-Ewald1], [@pone.0060065-Jones1], [@pone.0060065-Chang1], [@pone.0060065-Schmitt1]. However, the contribution of senescence induction to RV\'s anticancer and chemopreventive effects has not been well elucidated. Here we provide experimental data demonstrating that low dose RV treatment inhibits the growth of lung cancer cells via an apoptosis-independent mechanism. The results reveal that RV may exert its anticancer and chemopreventive activities via the induction of senescence in cancer cells. Consistent with our observations, Rusin et al. also reported that RV treatment induces senescence-like phenotype in cancer cells [@pone.0060065-Rusin1]. This is a significant finding because the induction of senescence, as opposed to apoptosis, requires much lower concentration of RV, suggesting RV could be useful clinically. Moreover, these studies underscore the importance of senescence induction in mediating RV\'s chemopreventive and anticancer effects.

It has been well-established that induction of DNA damage is a central mechanism through which many anticancer agents including ionizing radiation kill tumor cells [@pone.0060065-tePoele1], [@pone.0060065-Jones1], [@pone.0060065-Huang1], [@pone.0060065-Cohen1]. Of the various types of DNA damage, DNA DSBs are the most cytotoxic because of their great potential to cause cell death and/or cell cycle arrest. Thus, an increased capacity of DNA damage repair in tumor cells was thought to be an important contributor to therapy-resistance during cancer treatments [@pone.0060065-Tobin1]. Interestingly, it has been shown that many DNA-damaging agents such as ionizing radiation can induce DNA damage-mediated premature senescence in cancer cells, suggesting that these therapeutic agents may exert their anticancer effects via DNA damage-mediated premature senescence [@pone.0060065-tePoele1], [@pone.0060065-Jones1]. Although our data have shown that RV induces premature senescence in lung cancer cells in a dose-dependent manner, it was largely unknown if DNA damage is involved in RV-induced senescence in tumor cells. This study revealed that γH2AX foci, an important surrogate of DNA DSBs, were markedly increased in RV-treated NSCLC cells as compared with control cells. These data suggest that DNA damage-induced premature senescence may contribute to the anticancer effects of RV. Consistent with our observations, it was found that RV can induce plasmid DNA breaks in the presence of Cu (II) and under oxidative conditions [@pone.0060065-Fukuhara1]. These results support the hypothesis that low dose RV treatment suppresses the growth of lung cancer cells via DNA damage-induced premature senescence.

Activation of the p53--p21 pathway by DNA damage has been shown to be a critical mechanism underlying SIPS [@pone.0060065-Ewald1], [@pone.0060065-Jones1], [@pone.0060065-Chang1], [@pone.0060065-Chen1]. Here we show that RV-induced premature senescence is associated with increased expression of p53 and p21 in NSCLC cells, suggesting that activation of the p53--p21 pathway may play an important role in modulating RV-induced senescence in lung cancer cells. More importantly, it was also found that RV-induced senescence correlates well with a significant decrease in EF1A expression in A549 and H460 cells. These novel findings demonstrate, for the first time, that down-regulation of EF1A is involved in RV-induced premature senescence in lung cancer cells. Consistent with these observations, a recent study has suggested that decreased expression of EF1A is a potential biomarker of premature senescence [@pone.0060065-Byun1]. However, further studies will be needed to define the exact role of EF1A in modulating RV-induced premature senescence in cancer cells.

Many anticancer agents and ionizing radiation destroy tumor cells largely through the generation of ROS [@pone.0060065-Wondrak1]. Moreover, increased ROS can trigger oxidative DNA damage and cause DNA DSBs, thus leading to premature senescence [@pone.0060065-Wang1]. To determine the role of ROS in RV-induced premature senescence in lung cancer cells, we investigated the levels of ROS in RV-treated A549 and H460 cells using DCF-DA staining and flow cytometric assays. The data show that RV-induced senescence is associated with increased ROS production and DNA DSBs in lung cancer cells, suggesting that RV may induce premature senescence in lung cancer cells via ROS-mediated DNA damage. The important contribution of ROS to RV-induced DNA damage and premature senescence was further confirmed by the observations that inhibition of ROS production by NAC attenuates RV-induced DNA damage and senescence in NSCLC cells. Consistent with these observations, a pro-oxidant effect of RV was also observed in U937 leukemia cells and was characterized by the depletion of GSH and an increase in ROS production [@pone.0060065-Guha1]. Moreover, previous studies by Hadi and coworkers also showed that RV could increase ROS generation and ROS-induced DNA damage in human peripheral lymphocytes [@pone.0060065-Azmi1], [@pone.0060065-Azmi2]. Together, these findings demonstrate that low dose RV inhibits the growth of lung cancer cells via the induction of senescence through ROS-mediated DNA damage.

It is worth noting that there is evidence that RV can act as an ROS scavenger in normal cells to protect against ionizing radiation-induced oxidative stress and tissue injury [@pone.0060065-VelioluOn1], suggesting that RV may have differential effects on ROS production in normal versus cancer cells. Given that aberrant redox systems are frequently observed in many tumor cells [@pone.0060065-Wondrak1], [@pone.0060065-Toyokuni1], [@pone.0060065-Szatrowski1], it is possible that RV may selectively suppress the growth of tumor cells with little or no toxicity to normal cells due to their differential redox status. In agreement with this hypothesis, our data show that RV treatment has no significant effect on the expression of SOD1, SOD2 and TXN in H460 lung cancer cells, although it was reported that RV could induce a substantial (more than 6-fold) increase in SOD2 expression in normal cells [@pone.0060065-Robb1]. More importantly, our studies demonstrate for the first time that RV selectively increases Nox5 expression in NSCLC cells, suggesting that RV may induce ROS generation in cancer cells via upregulating Nox5 expression.

Materials and Methods {#s4}
=====================

Reagents {#s4a}
--------

Resveratrol (Trans-3, 4′, 5-trihydroxystilnene) and all other chemicals were purchased from Sigma (St. Louis, MO). Dulbecco\'s modified Eagle\'s medium (DMEM) and other culture media were obtained from Invitrogen (Carlsbad, CA). Rabbit anti-human p53 antibody and rabbit anti-human EF1A monoclonal antibody were purchased from Cell Signaling (Danvers, MA). Mouse anti-human p21 monoclonal antibody was obtained from Santa Cruz Biotechnology. Monoclonal β-actin antibody was purchased from Sigma. A senescence-associated β-galactosidase (SA-β-gal) staining kit was purchased from Cell Signaling. The mouse anti-phospho-histone H2AX (γH2AX) monoclonal antibody was purchased from Millipore (Billerica, MA). TRIzol reagent and SuperScript III first-stand synthesis system were purchased from Invitrogen (Carlsbad, CA). Cyclic AMP (cAMP) EIA kit was purchased from Cayman Chemical (Ann Arbor, MI).

Cell lines and culture {#s4b}
----------------------

Human non-small cell lung cancer (NSCLC) cell lines A549 and H460 were purchased from American Type Culture Collection. A549 cells were cultured in DMEM medium containing 10% FBS, 2 mM L-glutamine and 100 microgram/ml of penicillin-streptomycin (Invitrogen). H460 cells were grown in RPMI-1640 medium containing 10% FBS, 2 mM L-glutamine and 100 microgram/ml of penicillin-streptomycin (Invitrogen).

Clonogenic survival assay {#s4c}
-------------------------

Clonogenic assays were performed to determine the effects of RV treatment on the colony-forming ability of NSCLC cells. Briefly, A549 and H460 lung cancer cells were cultured at low density in the presence of different concentrations of RV or DMSO as vehicle control in 60 mm dishes for 10 to 12 days to allow the formation cell colonies. Colonies were fixed and stained with 0.5% crystal violet (Sigma) in methanol for 30 min. The number of colonies(≥50 cells) was scored using a microscopy.

Senescence-associated β-galactosidase (SA-β-gal) staining

In situ staining of SA-β-gal was performed using a senescence β-galactosidase staining kit (Cell Signaling) as previously described [@pone.0060065-Wang2].

Western blotting analysis {#s4d}
-------------------------

A549 and H460 cells were treated with different doses of RV or DMSO as control. Total cell proteins were prepared at 24 h post treatment using cell lysis buffer (Cell Signaling) supplemented with a cocktail of proteinase inhibitors (Sigma). Western blotting analysis was performed as previously described [@pone.0060065-Wang2]. Briefly, fifty microgram of protein samples were resolved on 10% Mini-Protean TGX gels (Bio-Rad) and transferred onto 0.2 µM PVDF membrane (Millipore). Blots were blocked with 5% non-fat milk for 1--2 hrs at room temperature and then probed with primary antibodies and incubated at 4°C overnight. After extensive washing with TBS-T, blots were incubated with appropriate HRP-conjugated secondary antibody for 1 h at room temperature. Protein bands were detected using an ECL Plus Western Blotting Detection System (GE Healthcare Life Science).

Immunofluorescent microscopic analysis of γH2AX foci {#s4e}
----------------------------------------------------

Cells were cultured on 4-well chamber slides overnight and the next day treated with RV or DMSO (vehicle control). At the end of desired treatments times, cells were fixed with ice-cold 4% paraformaldehyde for 10 min and washed twice with PBS. Then the cells were permeabilized with 0.2% Triton X-100/PBS on ice for 10 min. Slides were blocked with 5% normal goat serum for 30 min before incubation with mouse anti-phospho H2AX (S139) monoclonal antibody for 2 h at room temperature or overnight at 4°C. Cells were incubated with Alexa Fluor 555-conjugated anti-mouse IgG secondary antibody (Invitrogen) for 1 h at room temperature. Nuclei were counterstained with DAPI. Slides were mounted with Vectashield (Vector Laboratories, Burlingame, CA). The γH2AX foci were viewed by a Zeiss Axio Observer Z1, and images were captured using AxioVison 6.4 software (Carl Zeiss, Oberkochen Germany).

Flow cytometric analysis of ROS {#s4f}
-------------------------------

Intracellular ROS were measured by flow cytometric analysis as we have previously reported [@pone.0060065-Wang1]. Briefly, cells were loaded with 5 µM of 2′, 7′-dichlorodihydrofluorescein diacetate (DCF-DA) and incubated at 37°C for 30 min. The peak excitation wavelength for oxidized DCF-DA was 488 nm and emission was 525 nm.

Cyclic AMP (cAMP) immunoassay {#s4g}
-----------------------------

Cells were pre-incubated for 30 min with 0.5 mM isobutyl methylxanthine (IBMX) and then treated with different doses of RV. At 30 min after RV treatment, the medium was removed and the cells were washed twice with PBS containing 0.5 mM IBMX to inhibit phosphodiesterase and to prevent the breakdown of the cAMP during sample collection and processing. The levels of cAMP in A549 and H460 cells were measured using a cAMP EIA kit (Cayman Chemical) according to the manufacturer\'s instructions. The application of this assay for cAMP measurement has been well-documented in recent publications [@pone.0060065-Leopold1], [@pone.0060065-Zhu1].

Real-time reverse transcriptase-PCR (RT-PCR) {#s4h}
--------------------------------------------

Total cellular RNA was prepared using TRIzol reagent (Invitrogen). First-strand cDNA was synthesized from 2 µg of total RNA using SuperScript III first-strand synthesis system (Invitrogen) according to the manufacturer\'s instructions. The expression levels of SOD1, SOD2, TXN, Nox1, Nox2, Nox3, Nox4 and Nox5 mRNAs were determined by real-time RT-PCR using SYBR Green I Master (Roche) and a Light Cycler 480 system (Roche). The changes in mRNA expression were calculated by the comparative Ct method as described previously [@pone.0060065-Wang3]. Data were normalized to GAPDH expression. Primer sequences were listed in [Table S1](#pone.0060065.s003){ref-type="supplementary-material"}.

Statistical analysis {#s4i}
--------------------

All experiments were repeated independently at least three times. Paired comparisons were carried out using Student\'s *t*-test. Multiple group comparisons were performed using analysis of variance (ANOVA). Differences were considered statistically significant at *p*\<0.05. All analyses were carried out with the GraphPad Prism program from GraphPad Software, Inc. (San Diego, CA).

Supporting Information {#s5}
======================

###### 

**Effect of RV on the levels of cAMP in lung cancer cells.** (**A**) The levels of cAMP in A549 cells after different doses of RV treatment were determined using a cAMP EIA kit (Cayman Chemical) according to the manufacturer\'s instructions. The results are presented as mean ± SEM. (**B**) The levels of cAMP in H460 cells were determined using a cAMP EIA kit and are presented as mean ± SEM. \*, *p*\<0.05 vs. DMSO control.

(TIF)

###### 

Click here for additional data file.

###### 

**Real-time RT-PCR analysis of Nox1, 2, 3, 4, and 5 expression in lung cancer cells.** (**A**) Relative expression levels of Nox1, 2, 3, 4, and 5 mRNAs in A549 cells were determined by real-time RT-PCR and are presented as mean delta Ct ± SEM. (**B**) Relative expression levels of Nox1, 2, 3, 4, and 5 mRNAs in H460 cells are presented as mean delta Ct ± SEM.

(TIF)

###### 

Click here for additional data file.

###### 

**Sequences of real-time PCR primers used for this study.**

(DOCX)

###### 

Click here for additional data file.
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